tach correctly to the spindle (for review see Amon, 1999). Genes involved in the spindle checkpoint were first isolated from the budding yeast Saccharomyces cerevisiae and include MAD1, MAD2, and MAD3 (mitotic arrest deficient); (Li and Murray, 1991) BUB1, BUB2, and BUB3 ochore assembly defects or spindle depolymerization.
We propose that the Skp1-Bub1 interaction is required
To examine whether Bub1 associates with CEN DNA in vivo in budding yeast, we performed chromatin immunoby the spindle checkpoint pathway for detecting lack of sufficient tension at kinetochores.
precipitation ( content/full/11/5/1201/DC1), indicating that the mycWhen we performed yeast systematic genome-wide tagged Bub1 was functional (Roberts et al., 1994). Bub1-two-hybrid screens using Skp1 and its homologs from myc was immunoprecipitated from chromatin preparaother organisms as bait (to be described elsewhere), we tions of log phase cells and the chromatin bound to found that Skp1 interacted with Bub1; this interaction Bub1 was analyzed by PCR to determine whether CEN was not detected in a previous screen (Uetz et al., 2000) .
DNA was present in the immunoprecipitates. The temWe first confirmed the interaction by performing the plates from total chromatin and from the immunoprecipireciprocal two-hybrid assay (see Supplemental Data at tates were titrated to determine the linear range for PCR http://www.molecule.org/cgi/content/full/11/5/1201/ (data not shown). Regions of CEN3, CEN1, and CEN16 DC1). Next, to confirm the specificity of the Skp1-Bub1 were amplified specifically from the Bub1 immunopreinteraction, we performed in vitro binding experiments cipitate, but not from the immunoprecipitate of the unin which Bub1 and Skp1 were coexpressed in insect tagged strain ( S-methionine by an 2B), a result that is consistent with the previous observain vitro translation system, and the lysates were mixed tion that mammalian Bub1 homologs are enriched at with extract containing Skp1-HA that was expressed kinetochores during mitosis (Jablonski et al., 1998; Tayseparately. Skp1-HA was immunoprecipitated by using lor and McKeon, 1997). anti-HA Sepharose to test which deletion proteins can bind Skp1 ( Figure 1B) . We found that the Skp1 binding domain is located between amino acids 181 and 360
Bub1-CEN Binding Was Abolished in skp1-4 Cells Next we tested the effects of several kinetochore mu-( Figure 1C) at 25ЊC, the Bub1-CEN binding was abolished, but binding occurred in ctf13-30, sgt1-3, skp1-3, and ndc10-1 To examine whether Skp1 directly binds to Bub1, we purified GST-fused Skp1 and a 6ϫHis-tagged Bub1 cells under the same conditions. This result indicates that Bub1-CEN binding depends on SKP1 ( Figure 2C ). polypeptide (amino acid 141-608) containing the Skp1 binding domain ( Figure 1D ), both of which had been
The abolishment of Bub1-CEN binding was not due to a reduction in the amount of Bub1 protein: Western blot expressed in E. coli. The purified Bub1 polypeptide was incubated with the GST-Skp1 fusion protein or GST proanalysis showed that almost equal amounts of Bub1 were expressed in the mutant cells ( Figure 2C , bottom tein and immunoprecipitated with anti-6ϫHis antibodies. GST-Skp1, but not GST alone, was coprecipitated panel). with the Bub1 polypeptide ( Figure 1E binding in vitro ( Figure 3F ). Consistently, these skp1-4 type cells (Figure 3A) , and are sensitive to benomyl (Figure 3A) .
If the Skp1-Bub1 interaction is specifically important for a checkpoint response, we reasoned that it may be possible to generate a skp1 mutant that is specifically deficient in the checkpoint response but not in chromosome segregation. Given this hypothesis, the mutant should be hypersensitive to microtubule depolymerizing drugs but not show a phenotype of chromosome missegregation. To test this hypothesis, we performed a PCR-based method (Connelly and Hieter, 1996) to screen for skp1 mutants that are hypersensitive to benomyl. We isolated two benomyl-sensitive skp1 mutants, skp1-s6 and skp1-s8 ( Figure 3A) . Next, we evaluated the extent of chromosome missegregation in skp1-s6 and skp1-s8. A colony color assay that measures the stability of a marker chromosome fragment revealed that skp1-s8, but not skp1-s6, shows increased chromosome missegregation ( Figure 3B) ; however, skp1-s6 was not as sensitive to benomyl as skp1-s8 or skp1-4 ( Figure 3A) . We found that skp1-s6 has one missense mutation (E129G) and skp1-s8 has two missense mutations (E122V, G150D) ( Figure 3E ). skp1-s6 appeared to be a weak separation of function allele in which checkpoint function, but not chromosome segregation function, was altered. In order to create a stronger separation of function allele, we created the skp1-AA allele in which amino acid residues 129 and 130 were mutated (E129A and M130A) and tested whether these changes enhanced benomyl sensitivity but did not increase the level of chromosome missegregation. Indeed, of all the mutants, the skp1-AA cells were more sensitive to benomyl than the other skp1 mutants ( Figure 3A ; note that skp1-4 cells grow slowly in the absence of benomyl), and they did not show a phenotype of chromosome missegregation (i.e., the increase in the loss of the marker chromosome fragment was less than 10-fold) ( Figure 3B ). Furthermore, the skp1-AA protein did not interact with Bub1 as evidenced by two-hybrid analysis ( Figure 3C Figure 4C and data not shown) . In contrast, a medium without ␣ factor. We observed a delay in the ctf19⌬skp1-AA double mutant did not accumulate in degradation of Pds1 in ctf8⌬ cells, indicating that a G2/M ( Figure 4C ). This lack of accumulation of cells with checkpoint is activated ( Figure 5B) , which was abolished a G2 DNA content is not due to suppression of the in the ctf8⌬skp1-AA double mutant ( Figure 5B ). These mitotic defects of ctf19⌬ by the skp1-AA mutation beresults strongly suggest that the Skp1-Bub1 interaction cause the double mutant still showed a high level of is required by the spindle checkpoint to delay cells in chromosome missegregation (data not shown). Identical which tension at kinetochores has been relaxed by a results were observed in ctf3⌬ and ctf3⌬ skp1-AA doucohesion defect. ble mutants (data not shown). Together, these results Next, we performed an independent set of experidemonstrate that the G2/M accumulation of ctf19⌬ or ments to confirm the requirement of the Skp1-Bub1 inctf3⌬ cells is dependent on SKP1 and strongly suggest teraction for spindle checkpoint signaling from kinetthat the Skp1-Bub1 interaction is required for transmitochore tension defects. In the absence of DNA ting a signal to the spindle checkpoint from comproreplication, kinetochore tension cannot be generated mised kinetochores.
because kinetochores lack sisters. DNA replication can Previous studies have shown that skp1-4 cells exhibit be prevented by depleting Cdc6 (which is required for the initiation of replication) without affecting the interaca G2/M arrest when shifted to the nonpermissive tem- Figure 6E) . Finally, the association of Bub1 with CEN DNA, that is disrupted in skp1-requires the spindle checkpoint because it is abolished in cdc6⌬mad2⌬ cells ( Figure 5C ). We observed that AA cells, is restored in skp1-AA-rev cells ( Figure 6F ). Taken together, these coreversion results strongly Pds1 levels are also not stabilized in cdc6⌬skp1-AA cells ( Figure 5C ), with degradation kinetics almost identical to suggest that the absence of the tension checkpoint in skp1-AA cells is due to the lack of interaction between that observed in the cdc6⌬mad2⌬ cells. Therefore, we concluded that the Skp1-Bub1 interaction is required skp1-AA protein and Bub1. for the spindle checkpoint response that delays cells whose kinetochores are not under tension. Discussion Mps1 overexpression ectopically activates the spindle checkpoint, causing cell cycle arrest with a bipolar
In this study, we demonstrate that Skp1, a protein within the core of the kinetochore, interacts with Bub1, a comspindle. To test the effect of the skp1-AA mutation on this arrest, Mps1 was inducibly overexpressed from the ponent of the spindle checkpoint, and that Bub1 associates with CEN DNA via Skp1. We also show that muta-GAL1 promoter in wild-type cells and skp1-AA mutant cells. After 3 hr, both the wild-type cells and the skp1-tions in Skp1 that specifically disrupt the Skp1-Bub1 interaction abrogate the cell cycle delay response in-AA mutant cells were arrested in G2/M properly ( Figure  5D ). These results indicate that overexpression of Mps1 duced by kinetochore tension defects. ndc10-1 mutant cells; therefore, it is not surprising that 7A). In addition, the G2/M delay caused by the ctf13-30 mutation was consistently unaffected by the skp1-AA we were able to detect Bub1-CEN binding in these mutants, except those that had lost their ability to interact mutation. Together, these results suggest that the defects in these mutant CBF3 components are detected with Bub1. Importantly, skp1-AA cells did not exhibit substantial chromosome missegregation, and CBF3 acby the spindle checkpoint pathway in a Skp1-Bub1-independent manner (e.g., monitoring of CBF3 assembly tivity was intact in the skp1-AA cells. Therefore, in skp1-AA cells, Bub1 does not associate with functional kinetor detection of microtubule attachment) ( Figure 7B ). ochore complexes that can segregate chromosomes properly.
Cohesion Defects and the Spindle Checkpoint Pathway Our results indicate that the skp1-4 mutant protein does not interact with Bub1. However, confirming the Ctf8 and Scc1 are required for proper sister chromatid cohesion. In ctf8 and scc1 mutant cells, kinetochore finding from an earlier study, skp1-4 cells exhibited a G2/M delay when shifted to the nonpermissive temperatension is relaxed and the spindle checkpoint is activated, which results in cell cycle delay at G2/M (Figure ture, an effect that is caused by the activation of the spindle checkpoint (Connelly and Hieter, 1996) ( Figure  7A ). In skp1-AA cells, the G2/M delay caused by ctf8 and scc1 mutations is not observed. These results strongly lack paired sister chromatids, and kinetochores presumably randomly attach to microtubules and the chromosuggest that the Skp1-Bub1 interaction is required to detect loss of kinetochore tension ( Figure 7B ). These somes move to one pole or the other ( Figure 7A ). We found that the delay in Pds1 degradation in cdc6 ⌬ cells results also suggest that cohesion defects are detected at kinetochores, which is consistent with the observadue to spindle checkpoint activation is not seen in skp1-AA cells. Therefore, we conclude that the Bub1-Skp1 tions in fission yeast that the loss of chromatid cohesion in mis4-242 and rad21-K1 mutants leads to activation interaction is required to detect lack of kinetochore tension. of the Mad2-and Bub1-dependent checkpoint and that the cohesion mutation greatly increases the duration of Ctf19 is an outer kinetochore protein that forms a complex with Mcm21 and Okp1 ( , 2001) . Hence, the relationship between the Skp1-Bub1 interaction and the Ipl1 pathway is an interesting area that requires further study. here and elsewhere indicate that mutations in kineto-
High Levels of Bub1 at Kinetochores Is Not

